The Superposition Hypothesis states that the binocular vision of newborn infants blends together the monocular visual responses of the two eyes, even when the visual stimulus evokes binocular rivalry in adults. According to the Superposition Hypothesis, this blending is replaced by binocular rivalry after the emergence of stereopsis [Neonate Cognition: Beyond the Blooming, Buzzing Confusion, Erlbaum, Hillsdale, NJ, 1985, p. 37; Early Visual Development Normal and Abnormal, Oxford University Press, New York, 1993, p. 201]. The main evidence for the Superposition Hypothesis is a preferential looking experiment [Vision Res., 26 (3) (1986) 501], in which 8-12-week-old infants fixated a rivalrous (for adults) dichoptic plaid, in preference over a fusible grating of parallel lines. This report describes our attempt to repeat that important experiment. Infant stereopsis emerged at 8.6 weeks under our conditions, but infants did not preferentially fixate the dichoptic plaid at any age between age 5 and 16 weeks. Control experiments showed that our result was not due to technical differences between their experiment and ours (red/green vs. polarizing glasses, the use of a fixation point, or the infant observation apparatus). Therefore, blending of the visual responses to rivalrous (for adults) stimuli is not a general feature of the pre-stereoptic infant visual system.
Introduction
Several groups of investigators have studied binocular vision in infants Braddick et al., 1980; Fox, Aslin, Shea, & Dumais, 1980; Held, Birch, & Gwiazda, 1980; Petrig, Julesz, Kropfl, Baumgartner, & Anliker, 1981 ), yet surprisingly little is known about why stereopsis emerges when it does. One seminal hypothesis on the topic (Held, 1985; Shimojo, Bauer, OÕConnell, & Held, 1986) suggests that the binocular vision of newborn infants is qualitatively unlike that of adults. Whereas adult vision exhibits binocular rivalry when one eye is presented with vertical stripes and the other with horizontal stripes in the same position in the visual field, the hypothesis of Held (1985) and Shimojo et al. (1986) states that neonatal vision blends together the two eyesÕ responses to those same stimuli. The resulting blended percept should be similar to what would occur if the dichoptically presented stimuli were superimposed and presented simultaneously to one or both eyes. Their hypothesis (henceforth, the ''Superposition Hypothesis'') states that the developmental milestone that underlies the emergence of stereopsis is the sorting out of these visual responses into distinct right-eye and left-eye signals in the primary visual cortex. These signals can then serve as the basis of stereopsis at a higher brain site, presumably including the infero-temporal and medial-temporal cortex (Cumming & DeAngelis, 2001) . The Superposition Hypothesis is important because it suggests a behaviorally observable correlate of the postnatal maturation of visual cortex. For example, one might consider using a clinical test based on the Superposition Hypothesis to find out whether a particular infant is still in his or her critical period before planning treatment for amblyopia.
Psychophysical evidence
The Superposition Hypothesis was tested by the following simple preferential looking experiment (Shimojo et al., 1986) . If a normal adult views a dichoptic stimulus consisting of a vertical grating presented to the right eye and a horizontal grating presented to the left, a rivalrous percept results (Blake, 1989) . Shimojo et al. studied infant preferential looking using rivalrous dichoptic grating stimuli over the period from 2 months, at which age infants generally do not have stereopsis, to age 6 months, when most infants do have stereopsis. When older infants viewed a dichoptic, rivalrous (for adults) stimulus on one side of the stimulus display, and a binocularly fusible (for adults) horizontal grating seen by both eyes on the other side, the older infants preferred to look at the fusible single grating (Fig. 1A and B shows our versions of these stimuli). This was not surprising. What was surprising was that when infants younger than about age 14 weeks viewed the same two gratings, they preferred to look at the dichoptic pattern, which was rivalrous to adults. The Superposition Hypothesis explains this unexpected preference by positing that the dichoptic gratings (which are rivalrous to adults) look like a perceptually blended stationary plaid pattern similar to an old-fashioned checked tablecloth. It is well-known (e.g., Fantz & Fagan, 1975) that young infants prefer to look at more complex stimuli over simpler ones, and the Superposition Hypothesis says that infants prefer to look at the dichoptic pattern because it is more complex. A subsequent study (Gwiazda, Bauer, & Held, 1989) showed a correlation between the age of first stereopsis and the age at which infants started to prefer to fixate the fusible pattern over the dichoptic pattern, which is rivalrous to the adult observer. Tyler (1993) has suggested that physiological summation of the signals arising in the two eyes is not required by the psychophysical results of Shimojo et al. Experiments with human adults indicate that binocular fusion occurs when the hemi-stereograms are high in spatial frequency and low in contrast (Liu, Tyler, & Schor, 1992) , especially when the duty cycle is large (thin stripes against a background) (Burke, Alais, & Wenderoth, 1999) . If infants were to show perceptual fusion of dichoptic stimuli during the pre-stereoptic period, it might be because even stimuli at low spatial frequency and 100% contrast are only a few times detection threshold at that age. This argument suggests that the two concepts that make up the Superposition Hypothesis, perceptual fusion inferred from psychophysical experiments and the hypothesized physiological summation of the signals originating in the right and left eyes, should be considered separately.
Binocular fusion in infancy
Aside from the studies of Shimojo and his colleagues (Shimojo, 1993; Shimojo et al., 1986) and Gwiazda et al. (1989) , there is little clear evidence that binocular fusion precedes the emergence of stereopsis. Birch and Petrig (1996) compared the emergence of binocular fusion of random dot correlograms and stereopsis of random dot stereograms using psychophysical and visually evoked potential (VEP) techniques. The proportion of infants showing both types of binocular interaction were entirely similar when measured using each technique (compare Figs. 3 and 4 of Birch and Petrig to each other and to Birch and Salomao (1998), Figs. 2-4) . These two studies knit together nicely the results of previous studies in which each of the four types of data were collected separately (VEP, fusion: (Braddick et al., 1980 ; Stimuli were viewed through red/green stereo glasses, so red stimulus regions were seen by the right eye, green regions were seen by the left eye, and yellow regions were seen by both eyes. Petrig et al., 1981; Skarf, Eizenman, Katz, Bachynski, & Klein, 1993) ; VEP, stereopsis: (Skarf et al., 1993) ; psychophysics, stereopsis: (Fox et al., 1980; Held et al., 1980) ; psychophysics, fusion: (Birch, Shimojo, & Held, 1985; Gwiazda et al., 1989) ). Recall that the Superposition Hypothesis predicts that nonselective combination, in which the incoming visual signals are simply added together point-by-point throughout the region of binocular overlap, should be the native state of infant binocular vision. Stereopsis should emerge well after birth, after the incoming monocular signals are sorted out. The close agreement between the time courses of maturation of binocular fusion (indicated by VEP response to, or a behavioral preference for, stimuli modulated in their correlation between the right and left-eye stimuli) and stereopsis (indicated by VEP response to, or a behavioral preference for, stimuli modulated in their amount of horizontal binocular disparity) is not easily reconciled with the Superposition Hypothesis.
Anatomical and physiological evidence
The chapters of Held (1985) and Shimojo (1993) explicitly suggest that the incoming axons synapse onto the same neurons in layer IV of the neonate, but onto distinct neurons in different ocular dominance columns in layer IV of the adult (e.g., Fig. 12 -9 of Shimojo). Thus, the Superposition Hypothesis predicts that there should be little evidence of ocular dominance columns in the neonate. Instead, ocular dominance profiles of cells in cortical area V1 of infants should be uni-modal, with most cortical cells having inputs from both eyes, and a 50/50 input weight being the most prevalent arrangement. In contrast, it predicts that adult ocular dominance profiles should be bimodal, with most cells having predominant or exclusive input from only one eye . If the synaptic arrangement were as Held and Shimojo predicted, eye-of-origin information would be largely lost before the higher levels of visual processing could compute the signals that form the basis of adult binocular vision. Stereopsis or binocular rivalry would not be possible until ''ocular dominance segregation is established by maturation of inhibitory networks'', in which the visual system changes after birth ''from an eye-non-selective to an eye-selective one'' (Shimojo, .
Contrary to the prediction of Shimojo, the anatomical evidence indicates that the spatial layout of the ocular dominance columns in V1 layer IVcb of newborn monkeys is strikingly adult-like (Rakic, 1976; Wiesel & Hubel, 1974) . Even when heroic measures are taken to assure that no visual experience has occurred (Horton & Hocking, 1996) , the widths, ''duty cycles'', and positions of the ocular dominance columns are quite mature in the macaque neonate. While the anatomical segregation of the ipsi-and contralateral regions may be somewhat less pronounced in newborn than adult monkeys, even such immaturities are largely erased by (macaque) age 2-4 weeks (Endo, Kaas, Jain, Smith, & Chino, 2000; Tychsen & Burkhalter, 2000) . The physiological data also show that the ocular dominance profiles of newborn macaques are not obviously different from those of older monkeys (compare Figs. 1 and 19 of Hubel, Wiesel, & LeVay, 1977) . Since Held (1985) and Shimojo et al. (1986) published their theory, ocular dominance profiles of infant primates have been studied more extensively by Chino, Smith, and their colleagues (Chino, Smith, Hatta, & Cheng, 1997; Endo et al., 2000) , and their results are also inconsistent with the Held and Shimojo et al. prediction. Chino et al. (1997) and Endo et al. (2000) both report that the ocular dominance profiles in V1 of pre-stereoptic Rhesus infants (as young as one week) are similar to those of adults. For comparison, stereopsis does not emerge in infant monkeys until age 8-13 weeks (OÕDell & Boothe, 1997) .
Is the existing physiological evidence consistent with the overall picture of interocular pooling, progressing postnatally to interocular inhibition, as the basis of stereopsis and binocular rivalry? Chino et al. (1997) also studied the responses of infant monkey cortical cells to gratings presented binocularly, and they found that the binocular summation indices of simple and complex cells did not change between age one week and adulthood (Fig. 2E of Chino et al.) . Endo et al. (2000) presented an optimally oriented grating to one eye, and a perpendicularly oriented grating to the fellow eye, stimuli that that were directly comparable to those used in Shimojo et al. (1986) experiment. Endo et al. reported binocular:monocular response amplitude ratios, a measure of binocular suppression, and reported that ''binocular cross-orientation suppression is far more prevalent in monkey V1 before 8 weeks of age than in adulthood''. This result is the opposite of what Shimojo predicted. Furthermore, when Endo et al. showed their data for different cortical laminae, the binocular:monocular response ratios indicated that all cortical laminae, including layers IVa-c, showed at least as much interocular suppression in infants as in adults; in particular, more binocular suppression occurred in layers IVca and IVcb of one-and two-week-old monkeys than in older infants and adults (see Figs. 6 and 7 of Endo et al. (1997) (Brown & Norcia, 1997) showed that human adult left-eye and right-eye responses to binocularly rivalrous gratings were negatively correlated with each other. Furthermore, each correlated significantly with the subjectÕs reported perceptual state. This result suggested a VEP correlate of perceptual binocular rivalry. When the experiment was repeated on human infants (Brown, Candy, & Norcia, 1999) , no such negative correlation occurred, suggesting that the stimuli did not produce binocular rivalry in infants. Although these results are generally consistent with the Superposition Hypothesis, the support is not strong, because the youngest subjects were five months old. By that age, most infants probably already had stereopsis (Birch & Petrig, 1996) , so they should show the adult pattern of binocular rivalry, according to the Superposition Hypothesis.
Experiment I
As reviewed above, the Superposition Hypothesis rests on the results of two experiments (Gwiazda et al., 1989; Shimojo et al., 1986) , with little support from anatomical or electrophysiological studies on primates, and only weak support from one VEP study on human infants. We therefore decided to repeat the Shimojo et al. experiment as well as possible to verify its main result: that a dichoptic plaid pattern, which is rivalrous for adults, is fixated preferentially by infants under about age 14 weeks, Black symbols: data collected with type 1 stimuli without stereo glasses; black circles, type 1 stimuli, black diamonds, type 2 stimuli. White symbols, data collected with stereo glasses: white circles, type 1 stimuli; white diamonds, type 2 stimuli. Error bars are 95% confidence intervals, calculated using Bonferonni correction for repeated comparisons. (D) Predictions based on the Superposition Hypothesis and the data that test them. Fine lines: exponential curves fitted to the black and white circles in C. Bold line: prediction based on the Superposition Hypothesis under our conditions, as explained in the text. White circles: type 1 stimulus data, repeated from 3C; white triangles, individual data collected using monochrome type 1 stimuli and circularly polarized stereo glasses: upright triangles, 80 cd/m 2 ; inverted triangles, 8 cd/m 2 . Black circles, median data of Shimojo et al. (1986) . The data from the present experiment (white symbols) are inconsistent with the data of Shimojo et al. (black circles) , and also inconsistent with the prediction of the Superposition Hypothesis (bold line).
when it is paired for forced-choice testing with a binocularly fusible pattern of horizontal stripes.
Methods
Infants were tested weekly using stimuli produced by a video projector and shown on a rear projection screen. Stimuli consisted of vertical and/or horizontal stripes, which were either 100% red or 100% green ( Fig. 1A and B), and could be directed to the right and left eye independently by means of eyeglasses fitted with a red filter over the right eye and a green filter over the left eye. Blocks of 10-15 trials were run, amounting to about 100 trials distributed across three conditions with the glasses ''on'' (dichoptic presentation) and about 50 or 100 trials with the glasses ''off'' (binocular presentation). The binocular condition was added as a very rough approximation of how the stimuli might look if the Superposition Hypothesis were literally correct. Additional infants were tested dichoptically with a fixation point, to better simulate the procedure of Shimojo et al., 1986 .
Subjects
Healthy infants aged 5-8 weeks were recruited from our subject pool. They were tested weekly until age 16 weeks, or for as many weeks as the parents were willing to bring them in. The data sets were generally longitudinal, with additional subjects run cross-sectionally to fill out the data sets at age 5-7 weeks. Of the 32 individual infants recruited into the experiment, all were tested successfully and all but one contributed data to these data sets. All were reportedly healthy at birth and throughout the testing period, and had been born within 3 weeks of their estimated due dates. None of the infants had any reported family history of amblyopia, color blindness, or serious systemic or ocular disorder. Before each infant was tested, one of his/her parents provided written informed consent. Families were paid $10 per visit for their participation, and, as an additional benefit of participation, they were offered an examination in the Binocular Vision and Pediatrics Clinic of The Ohio State University College of Optometry. Twelve of our infant subjects chose to be examined, and received complete optometric exams, including ''wet'' and ''dry'' refractions, to verify that no clinically observable ocular disorder was present. The data from a single infant were eliminated from our data analysis due to simple hyperopia > 3D. The range of spherical refractive errors among the subjects who were examined in the clinic and whose data were retained was +0.75 to +3, and all of those subjects were clinically orthophoric.
Stimuli
The following three types of stimulus were used: Type 1. A fusible horizontal grating presented on one side of the display (Fig. 1A , right) and a red/ green plaid (e.g., red vertical grating, plus a green horizontal grating, presented simultaneously) on the other side (Fig 1A, left) . Fig.  1B shows another example of a stimulus of this type. Type 2. A fusible plaid on one side of the display and a red/green plaid presented on the other side ( Fig.  1E and F, for example). Type 3. A vertical or horizontal grating to the right or left eye only, and appearing on the right or the left of the stimulus display ( Fig. 1C and D, for example).
The stimuli were generated by computer using standard graphics software (Adobe Illustrator) and displayed by a DiLA video projector (JVC DLA-M2000LU) on a rear projection screen (ST-Professional-W, Screen-Tech, Germany) using standard display software (Microsoft: Powerpoint). We chose color anaglyphic presentation rather than polarization for our dichoptic stimuli because the video projector projects irregularly polarized light, and it is not straightforward to produce two orthogonally polarized images, even using two projectors. We used a rear projection screen to avoid casting a shadow (of the person holding the infant) onto the stimulus display.
Luminances of the red and green stripes were 72 and 62 cd/m 2 respectively, when measured through the glasses (a difference of less than 0.1 log units, which is close enough for robust stereopsis in adults (Legge & Gu, 1989) ). Previous work has shown that stimuli that are equated in luminance for adults are likely equiluminant for infants, to within the error of the measurement and variability across individuals in psychophysical experiments (Brown, Lindsey, McSweeney, & Walters, 1995; Pereverzeva, Chien, Palmer, & Teller, 2002) . The filters in the stereo glasses were a Wratten 61 gelatin (sandwiched between polycarbonate sheets) and a piece of deep red Plexiglas. The crosstalk ratio between the red light from the rear projection screen passing through the green and red filters, and the crosstalk ratio between the green light passing through the red and green filters was less than 2.4% in each case. The vertical and horizontal gratings were 0.39 cy/deg, with a duty cycle of 0.33, and the viewing distance was 80 cm. The stimuli were 13.8 Â 9.9 deg v.a. and were presented with their near edges at an eccentricity of 8.2 deg v.a. from the center of the screen.
Procedure
The psychophysical experiment was run using a preferential looking method, without feedback, under a randomized blocks design. Each block of 10 trials included four type 1 stimuli, four ''easy'' (type 3) stimuli, and two type 2 stimuli. Each session included one or two testing conditions from among these three:
(A) Dichoptic presentation: with the stereo glasses on, without the fixation point; (B) Dichoptic presentation: with the stereo glasses on, with the fixation point; (C) Binocular presentation: without the stereo glasses, without the fixation point.
Sessions were typically 100-150 trials long (median trials per session ¼ 144; range: 25-178). Most sessions (on 17 infants) began with a set of 10 blocks with the glasses on (in condition A or B) before moving on to five or more blocks with the glasses off (condition C), which were run until the infant refused to do more trials. All data collected with the glasses on were collected first because Shimojo et al. tested only with glasses on, and we wanted to be sure that infant boredom or fatigue could not provide an alternative explanation for any result we might obtain. Twelve infants, mostly 5-and 6-week olds were tested in only one condition (A, B, or C only), and four infants were tested in conditions A and B only. Infants six weeks old or older were tested for a single session in any given week. Five-week-olds were tested twice (within 3 days) if necessary to obtain full data sets of 40-100 trials per infant per data point in at least one testing condition (median at age 5 weeks: 100 trials with glasses, 81 trials without glasses).
An adult observer held the infant in her arms with the help of a baby sling, and watched the infantÕs eyes by means of a closed-circuit video system, which provided a high magnification view of the infant eyes (the babyviewing CRT was positioned about 28 cm from the observerÕs eye, and the image of the babyÕs cornea subtended 2 cm or about 4 deg v.a. at the observerÕs eye). The babyÕs face was lit by infra-red light, which was readily transmitted by the red/green stereo glasses. The lamp was positioned so that the reflections off the glasses did not enter the video system, and the first Purkinje image was approximately centered in the left-right direction. This afforded the observer an excellent view of the infantÕs eyes. An experimenter sat behind the rear projection screen and operated the equipment. On each trial, the observer judged whether the infant looked at the left-or at the right-hand stimulus, and the experimenter tabulated the responses by hand for subsequent analysis.
The fixation point, when it was used, was a 1 deg yellow square presented in the center of the screen before the trial began, and the experimental stimulus was presented only after the observer judged that the infant was fixating properly. The fixation point procedure slowed the experiment down, because the observer had to judge two fixations per trial instead of just one.
Data analysis

1
The data were analyzed using SAS612, using the Proc Mixed command. This method created a repeated-measures ANOVA, which took into account the variancecovariance structure commonly present in longitudinal data. Furthermore, Proc Mixed is a maximum likelihood procedure, so it used all the data, even though some infants missed appointments or dropped out of the study at different times. The central tendencies shown in Fig. 2C are those estimated by the model, and the error bars are the 95% confidence intervals, based on the standard errors supplied by the model and Bonferonni correction for repeated comparisons.
Results
The responses of individual subjects to type 1 stimuli, under dichoptic presentation, are shown in Fig. 2A . Each data point in 2A represents about 40 observations. The results obtained with and without the fixation point (black and white symbols, respectively) were statistically indistinguishable. A Proc Mixed ANOVA on the type 1 data over the age range 7-12 weeks showed that the main effect of fixation point (F 1;67 ¼ 0:43, p ¼ 0:52) and its interaction with age (F 5;67 ¼ 1:95, p ¼ 0:097) to be statistically insignificant. Therefore, the data with and without the fixation point were pooled for subsequent analysis. Preferential looking performance for the ''easy'' stimuli (stimulus type 3; data shown in Fig. 2A ) was high throughout the testing period (median ¼ 97.5% correct across all ages and stimuli; 90% of observations above 90% correct).
The data collected with type 1 stimuli and dichoptic presentation were significantly below 0.5 preference. Subjects never showed any systematic trend to prefer the rivalrous dichoptic plaid over the fusible stripes at any age. Rather, preference changed smoothly from nearchance performance (the rivalrous stimulus preferred on 32-43% of about 40 trials) at age 5-6 weeks to about 20% preference for the rivalrous stimulus at age 14-16 weeks. Over this same age range, when we tested binocularly (without the red/green stereo glasses), preference for the multicolored stimulus evolved from 59% to 68% to about 90% preference for the red/green plaid stimulus over the yellow stripes ( Fig. 2B ; each data point represents 20-40 observations). We analyzed the dichoptic and binocular data collected using stimulus type 1 using separate separate Proc Mixed ANOVAs. These analyses revealed age to be a significant effect (dichoptic data: F 12;137 ¼ 56:83, p < 0:0001; binocular data: F 12;69 ¼ 481:7, p < 0:0001). The central tendencies and Bonferroni-corrected 95% confidence intervals are shown as circles in Fig. 2C . Further examination of the significance of those data revealed that at all ages except 6 weeks, the data differed from chance at the p < 0:0001 level.
Seventeen infants were tested under both dichoptic and binocular conditions (condition A or B and condition C) within the same session. A one-way Proc Mixed ANOVA on the difference between their scores under the two conditions, with subjects as a repeated measure, yielded a series of t-tests showing that this difference was significant at ages 5 and 7-16 weeks (p < 0:0001 in each case, corrected for repeated comparisons). Thus, in agreement with the analyses reported in the previous paragraph, the scores obtained within subjects using type 1 stimuli, under dichoptic and binocular viewing, were similar only at age 6 weeks, when both were indistinguishable from 0.5.
Thus, these data show no tendency of infants to fixate preferentially the binocularly rivalrous dichoptic plaid stimulus at any age. These data are contrary to the results of Shimojo et al. (1986) (reproduced in Fig. 2D , black circles), which showed infants greatly preferring the dichoptic plaid before age 15.5 weeks, then abruptly reversing their preference in favor of the fusible stripes, starting at age 16 weeks.
Stimulus complexity
The preference infants showed for the dichoptic plaid stimuli in the Shimojo et al. and the Gwiazda et al. experiments was explained by the well-documented preference of infants for complex stimuli. Our infants also preferentially fixated the spatially complex fusible plaid stimulus. Compared to the data collected with type 1 stimuli, the data collected with type 2 stimuli showed an overall downward shift towards greater frequency of preference for the fusible plaid stimulus. Under binocular viewing, performance shifted down toward 0.50, and under dichoptic viewing, performance shifted downward toward 0.00 (white and black diamonds, respectively, in Fig. 2C ).
The effect of color
To evaluate the effect of color in this experiment, we collected data using type 2 stimuli, in which a multicolored plaid was paired with a monochrome yellow plaid, which the subject viewed without the stereo glasses. Those data appear as black diamonds in Fig.  2C , and were based on data from 6-8 infants, with 10-20 observations per infant per age. The youngest infants fixated the two plaid stimuli equally, but as they got older, infants increasingly tended to prefer the multicolored plaid over the monochrome yellow plaid. This modest but significant effect (F 12;54 ¼ 56:23, p < 0:0001) is evidence of the emergence of color vision (Brown, 1990; Teller & Bornstein, 1987) . We will argue below, however, that the important feature of the data collected with type 2 stimuli is that the black diamonds never fell below 0.50 at any age. That is, infants never tended to prefer the monochrome plaid over the multicolored plaid at any age.
Experiment II
The main difference between our stimulus and that of Shimojo et al. (1986) was the method of separating the dichoptic stimuli to the two eyes. We used colored anaglyphs and red/green glasses, whereas Shimojo et al. used polarized light stimuli and polarizing analyzer glasses. Color anaglyphs have a reputation for producing poor stereopsis, but we believe that they are entirely adequate here. One reason the analgyph method might produce poor stereopsis is that the proximal stimulus may be less than optimal. When a CRT (or one of the early color video projectors) is used to produce the colored anaglyphs, the stimuli are often dim, and crosstalk between the two eyesÕ stimuli is generally high. Particularly, the red phosphor has sharp peaks near 540 and 555 nm, which cannot be eliminated by a green spectacle lens. We avoided those problems in Experiment I by using a 2000-lumen DiLA projector, which generated high light levels. Furthermore, the crosstalk we measured in situ was small and symmetric across eyes because the spectra of all three primaries are smooth and single-peaked. The second reason the anaglyph method might not work well is that some believe that the colors can cause an underlying phoria to become manifest, thus preventing foveal fusion. This second issue is not relevant to these experiments, because our stimuli do not rely on accurate ocular alignment, and even if fixated directly, they were primarily extrafoveal. Furthermore, if the issue of foveal fusion were important, then there should be a clear difference between the data obtained with and without the fixation point, which is the opposite of what we observed.
For the anaglyphic presentation to explain the discrepancy, the colors would have to reverse or at least reduce infantsÕ preference for the plain striped stimuli over the multicolored plaid stimuli. As we discussed above, the colors had no such effect. On the contrary, our binocular (''glasses off'') data show that the use of colors tended to enhance the preference for plaids. Therefore, the colors, if they were important at all, would have tended to attract the subjectÕs attention towards the multicolored, rivalrous plaid, and therefore would have minimized the effect we observed. Contrary to that prediction, white circles in Fig. 2C fell below consistently 0.50. Thus, we do not believe that our use of colored anaglyphs is responsible for the discrepancy between our results and those of Shimojo et al. and Gwiazda et al. However, we also concede that no amount of argument on this issue will be as convincing as a simple control experiment using monochrome stimuli. Therefore, we repeated the type 1 stimulus condition from Experiment I using white gratings as stimuli. They were rear projected using four 35-mm slide projectors through circular polarizers onto our rear projection screen, which preserved polarization reasonably well. Presentation was dichoptic, by way of circular-polarization analyzers mounted in an eyeglasses frame, and crosstalk in situ was 5.5-7.2%. Because circular polarization was used, the amount of crosstalk was not influenced by the angle of the infant subjectÕs head. The stimuli were square (15 deg v.a. on each side), and consisted of five vertical or horizontal bars presented to each eye. The bars were 1 deg v.a. wide, and they had a 3:1 duty cycle (the 1 deg stripes were separated by 2 deg v.a.). The subjects were recruited and paid as in Experiment I. We collected 37-50 trials per infant using the type 1 stimulus.
The luminances of our stripes, when viewed alone, through the glasses, by the intended eye, was 80 cd/m 2 , for seven infants and 8 cd/m 2 for four infants. Two luminances were selected because Gwiazda et al. (1989) and Shimojo et al. (1986) did not specify their light levels, and we wanted to make sure that their conditions were approximated by at least some of the infants in this control experiment. Furthermore, TylerÕs argument that barely visible perpendicularly oriented gratings should be binocularly fused (Tyler, 1993) suggested that low-luminance stimuli, which would be hard for the infants to see, might be most likely to evoke the Shimojo et al. result.
Individual results on six 7-8-week-olds and five 11-week-olds appear in as white triangles in Fig. 2D . Regardless of whether the stimuli were presented at 800 cd/ m 2 (upright triangles) or at 8 cd/m 2 (inverted triangles), the data fell close to the comparable results from Experiment I. Furthermore, they fell outside the range of prediction estimated by the data taken with under binocular viewing (Fig. 2C , and upper fine line in Fig. 2D ). Even when the stimuli were monochrome white, we were unable to confirm the results of Gwiazda et al. (1989) and Shimojo et al. (1986) .
Other possible reconciling hypotheses
Crosstalk
If there had been sufficient crosstalk between the two eyes (and insufficient separation of the two eyesÕ stimuli), then ''superposition'' could have happened trivially in the stimulus itself. In that case, the results obtained dichoptically (with the glasses on) should have fallen consistently above 0.5. Indeed, this is the premise of the binocular viewing condition, i.e., data collected with the glasses off (data shown in Fig. 2B , and as black symbols in Fig. 2C ), which can be thought of as a ''100% crosstalk'' condition. In the more reasonable situation of modest crosstalk, the visibility of that crosstalk, and with it the attractiveness of the dichoptic plaid, should increase monotonically (above 0.5) with age. Both our dichoptic results and those of Shimojo et al. show change in the opposite direction. Furthermore, all of our dichoptic results fall clearly and consistently below 0.5, in direct contradiction to the prediction of the reconciling hypothesis based on crosstalk. Thus, it is hard to see how even serious problems with crosstalk could have produced either the results of Shimojo et al. or the results we observed.
Viewing system
Shimojo et al. viewed their infants directly from behind the stimulus, using no magnification and no light source other than that generated by the projected stimuli. We set up a simulation of their system, using a 35-mm slide projector and a projection screen. One of us viewed the stimuli at a distance of 70 cm, wearing polarizing filter glasses, and the other stood behind the projection screen and judged the direction of gaze. After a few minutes of practice, the direction of gaze was judged perfectly. While the viewing system of Shimojo et al. was simpler than ours, and did not provide as good a view of the subjectÕs eyes, it works well in the hands of a practiced observer. In any case, it is unlikely that their viewing setup would produce a systematic tendency to judge the preference to be on the opposite side of the screen from what we observed.
Experiment III
An important piece of the puzzle is the age at which stereopsis 2 emerges. The early laboratory experiments indicated that binocular vision emerges between ages 12 and 16 weeks Braddick et al., 1980; Fox et al., 1980; Held et al., 1980; Petrig et al., 1981) , but more recent, clinically oriented experiments have suggested ages from 8 (Birch & Salomao, 1998) to 24 weeks (Ciner, Schanel-Klitsch, & Herzberg, 1996) . In interpreting our results, it is important to establish the age at which infants first demonstrate visual behavior that is controlled by the amount of horizontal binocular disparity under our conditions.
Stereo stimuli
We created Julesz-style random check stereograms (bottom panel of Fig. 1 ) and presented them using the video projector and red/green stereo glasses as in Experiment I. The stimuli were at 100% contrast and at the same luminances as in Experiment I. Each check subtended 56 min v.a. at the subjectÕs eye. The stereogram portrayed a fusible flat background field, and a protruding, flat rectangular test region (20 Â 25 deg v.a., embedded within the right or left side of the stimulus display, which subtended 36 Â 43 deg v.a). The test region had a binocular disparity of one check (56 min). When we looked at this display ourselves from the infantÕs viewing position, the background and test stimuli looked flat and opaque, and the test stimulus looked like a flat, opaque card suspended in front of the background. We attempted to create line stereograms such as those used by Held et al. (1980) using stripes similar to our rivalrous stimuli, but we were unable to find conditions under which they looked really three-dimensional to us as adult observers.
Procedures
We presented these stereograms to infants aged 7-12 weeks, who were recruited and paid, and provided informed consent, under the same procedures described above. Each experiment consisted of 20 stimuli, in which the test stimulus appeared randomly on the right or left. We measured detection performance using forced-choice preferential looking (Teller, 1979) .
Results
Infant performance improved from near chance at age 7 weeks to over 90% at age 10-12 weeks (Fig. 3A) . In agreement with Held et al. (1980) and others, improvement in fraction correct was generally quite sudden. The median data crossed 75% at age 8.6 weeks (Fig. 3B) , so we conclude that most infants older than 8.6 weeks generally had stereopsis.
Discussion
Predictions
Our results measured using the yellow stripes and the multicolored plaid (stimulus type 1) indicate the levels of performance predicted by the Superposition Hypothesis. These are summarized by the upper and lower fine lines in Fig. 2D , which were fitted to the black and white circles of Fig. 2D by a least-squares criterion. The results of our stereopsis experiment indicate the ages over which the performance should follow each curve (bold line in Fig. 2D ). Up to age 8.6 weeks, most infants do not have stereopsis yet, and, according to the Superposition Hypothesis, the monocular signals are blended. Therefore, performance should follow the upper curve, which is performance without glasses, where the righteye and left-eye images are blended in the stimulus rather than in the brain. These young infants should prefer the multicolored dichoptic plaid over the yellow stripes, because of its colors and its complexity. After age 8.6 weeks, when infants have generally acquired stereopsis, the two eyesÕ responses to the multicolored plaids should be rivalrous rather than blended, so the multicolored plaid should evoke binocular rivalry, and should be aversive. Therefore, these older infants should prefer to look at the fusible yellow stripes, and their performance Fig. 3 . Infant stereopsis data. (A) Longitudinal stereopsis data on individual infants, displaced along the age axis for clarity. All infants were tested starting at age 7 weeks, except for the black circles (starting age 8 weeks) and the white circles (starting age 9 weeks). (B) The median fraction correct performance across all infants.
should follow the white circles in Fig. 2C (summarized by the lower fine line in Fig. 2D ). In short, according to the Superposition Hypothesis, the trajectory of infant preferential fixation measured using type 1 stimuli under dichoptic conditions should follow the bold line shown in Fig. 2D . The important feature of the bold line is that it is above 0.5, and follows the upper fine line, up to age 8.6 weeks; then it shifts abruptly to below 50%, and follows the lower fine line thereafter.
The median data of Shimojo et al. are the black circles in Fig. 2D . Those data clearly follow a trajectory similar to the bold prediction curve, although the shift from the upper curve to the lower curve occurs in their data at a somewhat later age. According to the Superposition Hypothesis, this is because the age at which stereopsis first appears under their conditions (Birch et al., 1985) is later than what we observe, probably because of differences in luminance, contrast, crosstalk, or stimulus configuration between their experiments and ours.
Observed results
Contrary to the prediction of the Superposition Hypothesis, and contrary to the results of Gwiazda et al. (1989) and Shimojo et al. (1986) , our data show that infants have a consistent preference for the fusible stimulus throughout the age range 5-16 weeks. The white circles in Fig. 2C and D fell below 50% throughout the age range. The data collected using type 1 stimuli and circular polarizing glasses at high and at low luminance also fell below 0.50 before the age of stereopsis onset (individual data shown using white triangles in Fig. 2D ). These clear-cut results are inconsistent with the predictions of the Superposition Hypothesis.
Speculation
If the Superposition Hypothesis is not correct, what is to replace it? How might we best describe the binocular vision of pre-stereoptic infants? One possibility is that infants can appreciate both binocular correlation and binocular disparity, yet are hampered in psychophysical stereogram tasks because they cannot yet appreciate three-dimensional structure. Unfortunately, the experiments that might test that idea have generally been done starting at age 5 months (e.g., Granrud, Yonas, & Pettersen, 1984) , well after the emergence of the ability to detect horizontal binocular disparity, as shown in this and many other experiments.
Another possibility is that the binocular vision of infants in the pre-stereoptic period might be more similar to cross-eye alternation than to binocular fusion, perhaps analogous to the physiological diplopia experienced by normal adults, or to the alternation experienced by many exotropes. This might occur if the visual signals arriving from the two eyes are not strong enough to be seen reliably and simultaneously. Like physiological diplopia, the alternation might pass unnoticed. As infants mature, the signals from the two eyes become stronger, strong enough to be available at the same time and at approximately equal strength. Along with the arrival of adequate signals from the two eyes, binocular fusion and binocular rivalry would emerge. For convenience we call this the ''Alternation Hypothesis'', but we do not intend this as a complete theory of the emergence of binocular vision, as it is not a physiological theory, and it does not consider additional critical immaturities that might control the emergence of stereopsis.
If pre-stereoptic vision were like physiological diplopia, the results of the present experiment would be explained as follows: When they view the stimuli directly (without the stereo glasses), infants of all ages are correctly predicted to prefer the multicolored plaid over the monochrome stripes (stimulus type 1) because the multicolored plaid is complex and colored (the black circles in Fig. 2C are indeed above 50%). They also should prefer the multicolored plaid over the monochrome plaid (stimulus type 2, viewed without the glasses) as soon as they can see the colors, and indeed the black diamonds are all above 50%.
When they view the stimuli through the stereo glasses, the youngest infants should see the stimuli with one eye at a time. When our red-green glasses are used, the stimuli will be red when the right eye is active and green when the left eye is active, although of course we do not know how the colors look to the infants. If this is correct, the Alternation Hypothesis predicts dichoptic plaid and the fusible grating should both look like simple gratings, red gratings when the right eye is used and green when the right eye is used. Therefore, the youngest infants without reliable stereopsis should not prefer the dichoptic plaid over the horizontal grating (as predicted, the white circles in Fig. 2C and D are never above chance). On the other hand, the fusible plaid is spatially complex when viewed by either eye alone. When the right eye is active, the type 2 stimulus would look like a red plaid on one side and red stripes on the other; when the left eye is active, the colors would look green. In either case, pre-stereoptic infants should prefer the fusible plaid over the multicolored plaid (and the white diamonds do fall consistently below 50%).
As infants mature, the incoming monocular signals improve, and stimuli presented to both eyes, either binocularly or dichoptically, may become visible to both eyes simultaneously increasingly often. Over that period, infants should increasingly prefer the fusible stripes and fusible plaid over the dichoptic plaid (the white symbols are correctly predicted to fall farther and farther below 0.50). This preference should arise because the dichoptic plaid is increasingly rivalrous (and presumably increasingly aversive) and the binocular horizontal stripes are increasingly fusible (and presumably increasingly bright). The multicolored (dichoptic) and monochrome (binocular) plaids are not perceptually similar at any age under the Alternation Hypothesis, even ignoring the colors, because the infants never blend the dichoptic signals to form a unitary percept.
Conclusion
Barring some unknown artifact in our experiment or in theirs, our results clearly disagree with those of Shimojo et al. (1986) . We do not know why this is so, but it is probably not due to differences between their experiment and ours in stimulus color or luminance, in the fixation point procedure, or in the method of observing the infant subjectÕs eyes. The important feature of the Superposition Hypothesis is that it makes specific predictions as to what should happen in experiments such as this. It explicitly predicts that young infants should show similar preferences under dichoptic and binocular conditions as soon as they can see the stimuli, with the qualitative difference in preference between dichoptic and binocular viewing emerging only with the advent of stereopsis. Our results refute that prediction. Furthermore, current physiological evidence is not easily reconciled with it. Therefore, we suggest that the Superposition Hypothesis should be rejected in its current form. Perhaps some other version of the Superposition Hypothesis might account for our results. However, as it was originally proposed, it is not a general account of infant binocular vision during the prestereoptic period.
